Medication adherence remains a significant unmet challenge for optimizing patient outcomes. Recent advances in the conceptualization, measurement, and support of medication adherence offer fresh opportunities to make a meaningful impact on adherence-related behavior and outcomes. These advances emphasize the multifaceted and dynamic nature of medication adherence, provide novel methods for monitoring medication adherence in clinical care, and articulate a set of multilevel strategies to more effectively improve and sustain medication adherence. Here, we offer recommendations for how clinicians can better engage with, and benefit from, these innovations to improve patient medication adherence and associated treatment outcomes.
INTRODUCTION
Improving adherence to medication has proven to be a vexing challenge. Large studies across multiple chronic conditions and drug classes have shown nonadherence rates of around 40-60% [1] [2] [3] , suggesting that approximately one in every two prescription doses is not taken as prescribed. A recent Cochrane review on medication adherence interventions was not encouraging 4 : among 182 randomized controlled trials of adherence interventions, the authors identified only five interventions that reported an impact on both adherence behavior and clinical outcomes, and these were characterized as providing only modest improvement and being complicated to implement. After the many years of research in the area of medication adherence, this is a disappointing conclusion.
What is needed to advance adherence research and practice? Productive future directions require an understanding of the current adherence landscape, which has been evolving in some important and positive ways. This narrative review will provide an overview of three current areas of innovation that may help advance the field-specifically, advances in the conceptualization of adherence, new tools for adherence measurement and monitoring, and novel intervention approaches.
ADVANCING THE CONCEPTUALIZATION OF MEDICATION ADHERENCE
Medication adherence has been defined as "the extent to which patients take medications as prescribed by their health care providers" 5 . This construct can be operationalized in many ways. Better and more consistent conceptualization of medication adherence provides an important foundation for advancing adherence, and it informs our future directions for both research and clinical practice.
First, it is important to distinguish medication adherence behavior within the context of several related constructs, such as patient knowledge or understanding of a medication regimen, reasons for nonadherence, or attitudes and beliefs about medications. These constructs are better recognized as important antecedents or consequences of medication adherence behavior 6 , 7 . Second, medication adherence needs to be understood as a multidimensional construct. Much adherence research has focused on patient implementation of medication regimens in terms of doses taken or days covered. There is more to adherence-particularly when we think about adherence as a process enacted over time. A scientific consensus group has described three core components of medication adherence: initiation (i.e., starting a recommended medication regimen), implementation (i.e., executing the prescribed dosage schedule), and persistence (i.e., length of time on regimen before discontinuation) 8 . Initiation refers to the point when a patient begins taking a medication. Primary nonadherence occurs when a patient has been prescribed a medication but never fills it 9 . Primary nonadherence has also been described as initial medication adherence; both terms seek to differentiate it from aspects of medication adherence that occur following drug initiation 10 . Although this adherence domain is comparatively understudied, evidence across a variety of drug classes and chronic illnesses suggests that approximately one-quarter of patients never fill and initiate a new prescription 9 . Implementation refers to actual dose-taking, and this behavior is most often associated with the term adherence. Regimen implementation may be operationalized in terms of the proportion of pills that were taken relative to the number of pills prescribed. A meta-analysis of 569 studies of health-related behaviors, including medication-taking, revealed that patients took 75.2% of doses on average 11 . Regimen implementation is also commonly measured through prescription refill-based approaches such as the medication possession ratio (MPR) and proportion of days covered (PDC) [12] [13] [14] . Persistence refers to adherence over time, and whether patients are taking a medication continuously over longer intervals. Roughly 40% of patients across various chronic diseases and conditions discontinue medication within 1 year 15 . Measuring persistence with an overall treatment regimen, rather than a specific medication, may be needed. In a large cohort of individuals with acute myocardial infarction (MI), 31% discontinued the use of secondary prevention therapies such as aspirin and betablockers within 6 months 16 . The multiple aspects of adherence can be somewhat independent. For example, a study conducted among patients with rheumatoid arthritis treated with tumor necrosis factor (TNF) inhibitors found that nearly 80% remained persistent with therapy over 3 years, but regimen implementation was generally low, with only 25-37% of patients achieving an MPR of 0.80 17 , meaning that patients failed to take their medication appropriately on a daily basis, but continued using their medication in general.
Finally, in addition to recognizing multiple dimensions of medication adherence, adherence must be understood as dynamic rather than static. Clinicians and researchers tend to view adherence as a stable and dichotomous property of individuals, i.e., "there are adherent patients, and there are non-adherent patients." This misses the fact that medication adherence in chronic conditions may vary in response to disease activity, treatment methods, and the course of psychosocial comorbidities. Longitudinal data has identified a tendency for regimen implementation to decline over time 18 , 19 , as well as distinct longitudinal patterns of medication use among patient subgroups (i.e., dose-taking that is consistently high, consistently low, increasing, decreasing, or variable) [20] [21] [22] . A large HIV patient cohort showed high regimen implementation over extended intervals, but 48% of patients had at least one 6-month period of low adherence over a median 4.5 years of follow-up 23 . Longitudinal changes in adherence among HIV patients have been associated with concurrent changes in life stress, substance use, and medication beliefs 24 . Medication use can also be episodic: most osteoporosis patients discontinue pharmacotherapy at some point but reinitiate it after an extended gap 25 . Short gaps in antidepressant medication supply are common and are predictive of discontinuance among individuals with major depressive disorders 26 . Therefore, recognizing that medication adherence is multidimensional and dynamic, what are the implications for clinical practice and research? First, each dimension of adherence (initiation, implementation, and persistence) may have unique determinants, and may require distinct interventions. Second, adherence dynamics underscore the need for routine monitoring of medication adherence in clinical practice. To make effective clinical decisions, providers need data to determine whether patients have initiated pharmacotherapy and how well they are implementing and persisting with the regimen. Timely and accurate knowledge of medication adherence are critical for informing clinical decisions about the need for dose escalation, regimen changes, or interventions to address adherence behavior. Third, the dynamic adherence concept also supports the notion of "critical junctures"-periods when monitoring and supporting adherence are particularly important (e.g., early in the course of therapy, after experiencing treatment failure, following hospital discharge).
ADVANCING THE MEASUREMENT OF MEDICATION ADHERENCE
Advances in measurement frequently precede advances in science and medicine. This applies to adherence research and practice as well. New innovations in adherence measurement are currently under way and will provide fresh capacity for real-time monitoring and more precise estimation. The ultimate goal is to transform medication adherence into a "vital sign" to which clinicians routinely attend 27 . The major adherence measurement methods have been cataloged and described previously [28] [29] [30] . These chiefly encompass patient self-reports of adherence, prescription refill measures, pill counts, and electronic drug monitors. No single adherence measurement approach is perfect. All have advantages and disadvantages, depending on their context and purpose of use 31 , 32 . The proliferation of electronic devices for measuring medication adherence is evident in the many types of pill bottles, pill organizers, and blister packs with an electronic interface 33 . These devices measure when a medication was accessed to generate date-and time-stamped implementation data. Electronic drug monitors with wireless capability can transmit their data in real time to facilitate timely interventions in response to observed nonadherence. While the use of these devices is increasingly straightforward for patients, the ready integration of electronic device data into primary care has a long way to go; some of these approaches might be more feasibly implemented in pharmacy settings. These electronic devices also cannot ensure that a pill was ingested, only that it was removed from the bottle, pill organizer, or blister pack.
Ingestible sensors are a newer method of measuring adherence directly. They represent a significant innovation by providing definitive evidence of pill ingestion in real time. A typical biosensor has a radio frequency ID-tagged sensor embedded within a gelatin capsule, which can be coencapsulated with medication by a pharmacist. When the capsule reaches the stomach, its coating dissolves, and the biosensors relay information to a sensing device worn by the patient. The data is then wirelessly transferred to a HIPAAcompliant cloud-based server. An ingestible sensor system developed by Proteus Digital Health (Redwood City, CA) 34 has been approved by the Food and Drug Administration (FDA). A specific proposal for co-formulation of an antipsychotic medication embedded within the Proteus ingestible sensor is under regulatory review. Studies to date support ingestible sensor safety 34 , acceptability 35 , 36 , and improved measurement precision over self-report 37 . How widely these new technologies will be used remains an open question.
Rapid point-of-care drug assays that can characterize medication adherence would be a closer fit to current care practices. Biochemical assessment of antihypertensive drug adherence through mass spectrometry with urine and serum samples has demonstrated a clear relationship between nonadherence and elevated blood pressure 38 , 39 . Dried blood spots (DBS) have been used to quantify long-half-life antiretroviral drug metabolites in a manner that can characterize medication adherence over several weeks 40 . This overcomes the problem of "white-coat adherence" (only taking medicines prior to a clinical or research appointment) that can plague plasma drug concentration measurement. Further research to advance such assays, and to make them rapid and deliverable at the point of care, is under way in many areas.
Until new adherence technologies and assays can be better integrated into clinical care, patient self-reports will remain a primary approach for obtaining information about medication adherence. Self-reports are known to be imprecise and to overestimate adherence, but progress has been made in developing questions and systems for more accurately collecting self-reported adherence data 41 . Systematic computer collection of patient-reported outcomes (PROs) can improve the validity of self-reported adherence data and make it readily available to providers when integrated into the electronic health record (EHR). In one example from a network of HIV clinics, patients in the waiting room received a computer tablet to complete a questionnaire regarding medication adherence and other PROs 42 , 43 . Answers to the adherence question predicted biological treatment outcomes (viral load and CD4 counts) 42 ; they also were demonstrably helpful for clinicians in identifying patients in need of adherence support 43 . Routine computer collection of adherence PROs through brief, validated measures is a standard to which we should aspire.
In the absence of other systematic approaches to adherence monitoring, providers can improve an old standby: patientprovider communication. There are better ways and worse ways to ask patients about adherence. Directive and leading questions are unhelpful (e.g., "You are taking your medications, right?") 44 . The provider should instead ask open-ended, non-judgmental questions to start a conversation about adherence (e.g., "How do you think these medicines are working for you? What has it been like to take these medications? What's the hardest thing about taking these medications?"), and follow up with at least one clarifying question so that the patient feels heard 45 . If concerns about possible nonadherence remain, the clinician should then ask directly ("When was the last time you missed a dose?"), because negatively framed follow-up questions appear to engender more accurate responses 44 . The alternative to asking these types of questions during a busy clinical encounter would be the use of a validated questionnaire that the patient could complete individually. Many examples are available, including questionnaires that specifically ask about barriers to adherence 41 . Improved "diagnosis" of medication nonadherence represents a fundamental action point for delivery of interventions. We have touched upon a number of recent advances in medication adherence monitoring and measurement: wireless monitors, ingestible sensors, drug assays, computer-based PROs, and patient self-reports during clinical encounters. These modalities all advance the crucial goal of integrating more routine and improved monitoring of adherence into clinical practice. The medication monitoring approaches vary substantially in cost and ease of implementation in clinical settings. It may be necessary to pursue comparatively low-cost practices that routinely survey patients on adherence (e.g., careful patient-provider communication, computer collection of PROs) and to reserve more specialized and intensive methods (e.g., wireless monitors, ingestible sensors) for patients at critical junctures who are in need of closer adherence monitoring and support. In the future, clinicians might prescribe electronic adherence monitoring for selected patients, much like they currently prescribe a medication or order laboratory monitoring 46 . Clinicians can also make referrals for provision of adherence support through allied providers or other available services.
ADVANCING INTERVENTIONS TO IMPROVE ADHERENCE
With improved conceptualization and monitoring of medication adherence, we are better positioned to advance effective interventions that improve and sustain adherence. In light of the many limitations of the available adherence intervention literature 4 , we would like to stress that adherence interventions can be simple and effective. "Proof of concept" for this idea can be seen in two adherence intervention trials, both of which demonstrated an impact on adherence and hard outcomes.
One of the first trials to demonstrate that mobile health (mHealth) approaches could improve adherence was published by Lester et al. 47 .
The "WelTel" trial tested a simple, patient-centered, interactive text messaging approach to engage individuals with HIV as they started antiretroviral treatment in Kenya. Investigators sent study participants a once-aweek text message that simply asked, "How are you?" Participants were asked to respond to this message in one of two ways: "fine" or "problem." Those who said "problem" would get a call from a nurse, who would address their medicationrelated concerns. Participants who engaged in the text messaging protocol for 1 year not only had better self-reported adherence, but also had higher rates of viral suppression, the biological correlate of HIV medication adherence 47 .
A study by Choudhry et al. demonstrated how an intervention in care systems can affect adherence 48 . The trial included 5855 individuals who had experienced a major vascular event and who were followed to examine adherence under two conditions: no co-pay (full coverage for treatment) or standard co-pay. Although those who received full coverage had only modestly better refill adherence, there was a particularly important impact on outcomes related to racial disparities, including a 35% reduction in vascular events in patients of color and a 70% reduction in health care spending 48 . So how should we move forward with adherence interventions? These examples show that such interventions can have a meaningful effect-yet we will not likely find a "silver bullet" or a "one-size-fits-all" solution. Since any single approach may be modestly helpful, and the best intervention may differ by patient, effective adherence support will require a combination of interventions. An ecological approach that advances adherence interventions at multiple levels, including the drug regimen, the patient, the provider, and the care system, will be necessary. This multilevel approach takes into consideration the interdependence between a patient and their surrounding environment.
Regimen Level
For patients with increasingly complex medication regimens, simplification of these regimens can help improve adherence. Efforts to combine multiple drugs into a single "polypill" with once-daily dosing may reduce the burden of adherence 49 . Long-acting regimens, such as extended-release or sustainedrelease preparations 50 , may also be helpful by reducing the dosing frequency and improving medication tolerability. Pharmacy-based efforts to synchronize medication refill dates provide further simplification for the patient 51 , and have been associated with improved regimen implementation in terms of the MPR 52 .
Patient Level
There has long been the notion that nonadherence is chiefly about forgetfulness on the part of the patient, and that reminders to take medications will thus be helpful. Unfortunately, reminders alone can come up short. A major randomized trial that enrolled more than 50,000 participants and tested multiple types of basic medication reminder devices (e.g., pillboxes, pill bottle caps with timers) recently reported finding no impact on medication adherence 53 . However, questions were raised as to how broadly and persistently the devices were used, in addition to their capacity for impact. We should not reject the use of pillbox organizers and other devices on this basis, but should recognize that their use alone may not be sufficient.
There is evidence that patient-directed counseling approaches can improve and sustain medication adherence. A review of adherence intervention trials found that case management, medication therapy management, and programs that provided patient education and behavioral support were among the few approaches with documented improvement in patient implementation of medication regimens in multiple areas of chronic illness 54 . This research finding reflects a continuing need to work closely with patients on their individual psychosocial concerns and challenges in order to have an impact on adherence 55 . Patient-directed counseling approaches also suggest a team approach, as social workers, behavioral health providers, clinical pharmacists, and adherence specialists have important roles to play in the delivery of these intervention approaches.
Substantial research on patient-directed mHealth adherence interventions is advancing, and carefully designed, interactive, patient-centered approaches show a real effect. A variety of interventions delivered through mHealth technologies such as text messaging or smartphone applications have shown improvements in medication adherence 56 . In addition to the previously cited WelTel trial among HIV patients 47 , mHealth interventions have reported an effect on hard outcomes in areas such as hypertension 57 . The Smartphone Medication Adherence Stops Hypertension (SMASH) program, which delivered different motivational text messages contingent upon levels of electronically monitored regimen implementation, showed a significant favorable effect on blood pressure 57 . It is interesting to note that both WelTel and SMASH transcended simple text message reminders and instead delivered highly interactive, ongoing, patient-centered care. This inclusion of patient-centered care speaks to the unique capacities and strengths of mHealth tools. While these mHealth interventions may be unlikely to be adopted by individual providers, they can be a valuable tool for clinics, comprehensive care teams, and collaborating pharmacies in supporting adherence.
Provider Level
We have underscored how improved adherence monitoring can enable providers to respond in appropriate ways. Providing clinicians with a brief adherence report based on electronic drug monitors was shown to significantly improve appropriate clinical management for patients with uncontrolled hypertension-specifically, regimen intensification for adherent patients and adherence counseling for non-adherent patients 58 . We have also seen improved provider response when receiving adherence data in the EHR via computer-collected PROs 43 . In the hypertension trial, adherence reports improved ratings of clinician communication and patient-centered care 58 ; however, this is a point that requires caution. One trial that provided clinicians with brief adherence reports based on electronic drug monitoring increased unhelpful communication ("finger-wagging") rather than increasing patient implementation of the drug regimen 
System Level
System-level interventions involve aspects of health care delivery and coverage, and represent an opportunity to address adherence at the broad, population level. There is growing evidence of the importance of these health care system factors for adherence and the capacity to modify them with beneficial impact. Reduced co-pays have been found to increase medication adherence across a variety of chronic conditions 54 , perhaps by reducing barriers to prescription fills and persistent refill. Other helpful care system approaches include pharmacy-based tools such as medication refill date synchronization, extended prescription length, and use of mail-order pharmacies 62 . Systems approaches can further involve the composition of care teams. An analysis of comprehensive care teams within the Kaiser Permanente system found higher medication adherence among HIV patients when the care teams included clinical pharmacists and social workers 63 . Multilevel approaches addressing the regimen, patient, provider, and health care system can combine and magnify the impact of any single approach. Clinicians alone cannot advance all of these approaches, of course. What is chiefly under the control of the clinician is directing the regimen, assessing adherence, and responding accordingly. Providers who engage in constructive and nonjudgmental communication with patients can explore barriers to adherence ("What do you think gets in the way of taking your medicines?"). The impulse to prescribe solutions is strong but should be resisted; it is better to elicit answers from the patient ("What are some possible solutions to that challenge?"). A team approach is also important; clinicians should help connect patients to behavioral health care and support services when indicated.
CONCLUSION: FUTURE DIRECTIONS
Advances in our understanding and monitoring of adherence, and in developing interventions to support adherence, are crucial to making a greater impact in this domain. We have outlined advancements in each area. These areas underscore how adherence is multifaceted and dynamic, requires regular monitoring, and will benefit from multilevel approaches.
Future efforts should address improved integration of adherence monitoring into clinical practice. Technology-based measures including patient-reported surveys and wireless monitoring systems must be developed such that they can be appropriately integrated within the EHR and provide clinicians with clear and timely information on patient adherence. Research to better identify critical junctures for intensified adherence monitoring would be well warranted. With further longitudinal research and adherence monitoring in patient care, the development of predictive analytics to identify patients at risk for poor adherence or non-persistence could advance the delivery of proactive interventions to prevent these outcomes.
There is a continuing need to deepen and strengthen the evidence base for adherence support interventions. Adherence interventions should consider the specific form of adherence (initiation, implementation, persistence) that they seek to target, since each may have its own unique determinants, facilitators, and barriers. A critical element in developing adherence interventions is achieving a practical design that can be easily incorporated into routine medical care and practice, and in individuals' day-to-day lives outside the clinical setting. These interventions may need to recognize the many time demands placed on primary care providers, and may rely on a multidisciplinary team (nurses, clinical pharmacists, social workers) for implementation. Individual-level counseling interventions will be needed, but they can be difficult to deliver at scale unless they are properly reimbursed. If the cost of medication nonadherence is high, some consideration should be given to reimbursement for services, such as medication therapy management, that will reduce the nonadherence cost burden. mHealth interventions can be powerful tools, given their capacity to deliver interactive, tailored, real-time intervention. However, further improvement in medication adherence cannot be achieved by technological advancements alone. We will need to work on multiple levels, and recognize that the best approach for each patient will be unique and tailored to their individual needs.
